G laucoma surgery has been performed for many years and has evolved greatly over the past 50 years. In patients with refractory glaucoma and high-risk glaucoma, a common surgical option is to use a glaucoma drainage device such as a Molteno drainage implant to improve the likelihood of a successful outcome after glaucoma surgery. 1 Through the Otago Glaucoma Surgery Outcome Study, it has been possible to acquire postmortem ocular specimens that have had Molteno drainage implants inserted and have been followed up clinically over a period of many years. 2 This study has resulted in several important observations regarding the histologic features of glaucoma filtration blebs and has led to the development of a hypothesis to explain these observations. 3 In summary, the various histologic and immunohistochemical studies of filtration blebs have demonstrated that there are two histologic zones within a filtration bleb-an outer fibroproliferative zone characterized by collagen synthesis, numerous fibroblasts, tissue macrophages and capillaries, and an inner fibrodegenerative zone characterized by cells undergoing apoptosis surrounded by a network of denatured collagen.
Our hypothesis to explain these observations is that, after surgery, a healing response characterized by granulation tissue and inflammation results in the formation of a wellvascularized, fibroblast-rich, thick, collagenous bleb wall. Aqueous accumulating in the bleb cavity generates a resistance to aqueous inflow into the bleb, which leads to elevation of intra-bleb pressure. Once the pressure in the bleb is high enough, there is a disturbance of capillary blood flow in the inner zone of the developing bleb wall that results in local tissue hypoxia, which then triggers apoptosis of the inner fibroblasts and breakdown of the surrounding collagen. There appears to be a cycle of collagen synthesis and breakdown in bleb walls with formation of new collagen from fibroblasts in the outer wall and breakdown of the collagen and apoptosis of the resident fibroblasts once they become the inner layers of the bleb. 2 A balance is struck between the opposing forces of local tissue hypoxia related to the aqueous, and the healing response in the outer layers of the bleb, which leads to the development of a wellfunctioning, thin-walled filtration bleb. 3 The present study has added weight to this hypothesis by exploring the expression of MMPs and TIMPs in the wall of these blebs.
Matrix metalloproteinases (MMPs) are a family of more than 20 cloned and characterized endopeptidases that are counterregulated by four naturally occurring tissue inhibitors of MMPs (TIMPs). MMPs are recognized as the predominant mediators of collagen synthesis and breakdown both physiologically and pathologically. 4 The expression of MMPs and TIMPs is tightly regulated physiologically, and TIMPs are typically expressed at levels comparable to those of MMPs, as they are a critical regulator of MMP activity. 4 Although MMPs are traditionally renowned for their ability to model and remodel the extracellular matrix under physiological and pathologic conditions, recent studies have highlighted their ability to indirectly modulate an inflammatory response by processing cytokines, chemokines and their receptors. 5 TIMP proteins have the specific ability to bind to and suppress the enzymatic activity displayed by MMPs. Paradoxically however TIMP-2 is a member of a cell-membraneassociated trimolecular complex which is involved in the activation of MMP-2 with documented growth-promoting activity. 6, 7 Additional evidence suggests that TIMP-2 may be involved in apoptotic mechanisms 8 
MATERIALS AND METHODS

Pathologic Material
Ten postmortem eyes with capsules and overlying connective tissue that had been drained by Molteno implants for a period of 2 months up to 22.9 years were examined after histologic and immunohistochemical staining. The clinical details are summarized in Table 1 .
Tissue Fixation
On enucleation, 1 to 4 hours after death, all eyes were injected with formol saline using a 30-gauge needle inserted across the limbus to distend the bleb capsules, after which they were placed in 10% neutral buffered formalin (37% formaldehyde in phosphate buffered saline) for 3 hours, microwaved for 20 minutes at 50°C, then placed in 70% alcohol to harden further. The lateral half of the bleb capsule and adjacent tissue was excised to allow removal of the episcleral plate of the implant before standard paraffin processing. The excised half of the bleb capsule was embedded separately and oriented to allow for the cutting of serial sections that were initially tangential to the surface of the bleb capsule but subsequently became less oblique as the plane of section extended to the margin of the capsule where they were almost perpendicular to the wall of the bleb. The portion of capsule remaining on the eye was oriented to allow the cutting of sections perpendicular to the capsule. After the portions were embedded in paraffin, 5-m serial sections were cut and mounted on glass slides.
Tissue Specimens
Ten formalin-fixed, paraffin-embedded, specimens from the medial half of the bleb capsule were obtained from the archival tissue collection at the Department of Ophthalmology, University of Otago. Informed consent had been obtained and experimental protocols approved by the University of Otago Human Research Ethics Committee and the University of NSW Human Research Ethics Committee. Experiments were performed in accordance with the tenets of the World Medical Association's Declaration of Helsinki.
Immunohistochemical Analysis
Tissue sections were cut (4 m) and processed for immunohistochemical assessment as previously described. 9 -11 In brief, sections were deparaffinized in xylene, immersed through graded ethanol, hydrated in H 2 O, and equilibrated in 0.05 M Tris-buffered saline (TBS; pH 7.6). Endogenous peroxidase activity was quenched by immersing slides in 0.3% (final) H 2 O 2 in 100% methanol for 5 minutes. Sections were then washed with TBS before incubating with 20% goat serum in 2% bovine serum albumin (BSA) made in TBS. Sections were incubated overnight at 4°C in a moist chamber with preoptimized dilutions (ϳ100 ng/mL final) of commercially available mouse monoclonal antibodies directed against human MMPs and TIMPs (Table 2) . Control reactions consisted of sections incubated with an appropriate isotype control antibody (either IgG 1 or IgG 2a ; Dako Cytomation) or in the absence of a primary antibody. Sections were extensively washed in TBS before the addition of a biotinylated goat anti-mouse secondary antibody (Table 2) for 30 minutes, The sections were washed before the addition of HRP-conjugated streptavidin (Dako Cytomation) and were incubated for 1 hour before the addition of 3-amino-9-ethylcarbazole (AEC; Sigma-Aldrich, St. Louis, MO), counterstained with hematoxylin, and mounted (UltraMount; Laboratory Vision Corp, Fremont, CA). Immunoreactivity for each antigen was either positive (present) or negative (absent) and staining intensity was scored as ϩ/Ϫ, no significant staining; ϩ, mild staining, few scattered positive cells; ϩϩ, moderate staining, several positively stained cells; and ϩϩϩ, intense staining, many positively stained cells. The results were summarized in Table 3 . We have successfully used a similar semiquantitative analysis in other studies. 11, 12 Direct staining comparison for each antigen was possible as diseased tissue was assessed in the one experimental run. Heat, pressure, or enzyme-assisted antigen retrieval was not necessary. Images were taken with a digital camera mounted on a microscope (BX51 DP70; Olympus, Tokyo, Japan). The original images were processed with image-analysis software (Photoshop 7; Adobe Systems, San Jose, CA).
RESULTS
In this study, we wanted to establish the spatial distribution of several MMPs and their counterregulatory molecules the TIMPs, as we hypothesize that an imbalance between these two families of proteins may be a mechanism involved in developing the characteristic histologic features of Molteno bleb capsules. Therefore, our histologic study focused predominantly on the connective tissue layer that comprises the bleb capsule and the cells within the wall. Previous studies have documented the distinct extracellular matrix reaction and the cellular component of bleb capsules. 3 The bleb capsule consists of three major layers, as detailed in Figures 1A and 1B . There is an outermost layer (a) of Tenon's connective tissue and congested blood vessels, a middle fibroproliferative layer (b), and an inner fibrodegenerative layer (c). 3 Sections through extracted bleb capsules demonstrated intense immunoreactivity for MMP-1 (Figs. 1A, 1B) . Figures 1C  and 1D demonstrated TIMP-2 immunoreactivity in the bleb wall. In 4 of 10 specimens TIMP-2 expression was intense, and in a further two specimens was expressed at low levels, whereas TIMPs-1 and -3 were rarely represented ( Table 3 ). The immunoreactivity of MMP-2 (Fig. 1E), MMP-3 (Fig. 1F) , and TIMP-1 and -3 ( Fig. 1B, inset; 1G) is less intense. Staining was scored from an average of five high-powered fields in the bleb wall opposite the Molteno plate and in fibroblast-like cells. Controls included omitting the primary antibody (data not shown) or adding an appropriate isotype control antibody (Fig.  1G, inset) . In both cases no immunoreactivity was noted. Pterygium tissue was used as a positive control 10 (data not shown).
DISCUSSION
Some evidence has been provided by a rat model of failing glaucoma blebs that MMPs and TIMPs are upregulated at the 
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mRNA level in the short term. 13 The results of the present study clearly show the involvement of MMPs and TIMPs in the collagen turnover characteristic of Molteno bleb walls. There is abundant expression of MMP-1, -2, and -3 in the inner zone of the bleb wall and in the cytoplasm and cells in the bleb wall. Figures 1A and 1B detail the inner and outer layers of the bleb wall and the expression of MMP1. In addition, TIMP-2 was expressed in the inner region of the bleb walls, but TIMP-1 and -3 were expressed only minimally.
In the Molteno bleb walls in this study, there is abundant expression of MMP-1, -2, and -3 and barely detectable expression of TIMP-1 and -3. This pattern of expression of MMPs and TIMPs has been observed in the sclera from patients with scleritis and in other pathologic processes characterized by collagen breakdown. 14 -16 This pattern of MMP and TIMP expression may represent a dysregulation of the balance between MMP and TIMP expression and is thought to be a critical pathway mediating collagen breakdown. Based on the observations in this study, it is tempting to speculate that this same dysregulation occurs in Molteno filtration blebs and is an important mechanism that maintains functioning of the bleb after Molteno surgery. Specimens in this study were obtained from patients many years after insertion of a Molteno glaucoma drainage device and a similar pattern of MMP and TIMP expression was demonstrated in all specimens irrespective of the time point sampled.
The expression pattern of TIMP-2 is different to TIMP-1 and -3. TIMP-2 is part of the trimolecular complex that is involved in activating MMP-2. It is also recognized to be involved in the initiation of apoptosis in cells. 8 TIMP-2 expression was variable in the specimens in this study, abundant in some specimens and present in the majority of specimens. We hypothesize that the presence of TIMP-2 is related not only to its role in activating the MMP-2 but may also be involved in the triggering of apoptosis in the inner zone of the blebs.
It is likely that there is a critical and complex interaction between the aqueous and the bleb wall. Aqueous contains numerous potential regulatory factors, such as TGF-␤, which is a known regulator of MMPs and a potent proapoptotic factor and is therefore likely to promote the degenerative changes seen in the inner zone of the bleb wall. In addition, there are significant differences in the protein content of aqueous secreted at different pressure levels and time points after glaucoma drainage surgery. 17 Different protein profiles of aqueous may contain MMP activators and/or inhibitors and greatly alter the likelihood of bleb survival. As well, aqueous contains low concentrations of oxygen that may further increase local tissue hypoxia and thus promote apoptosis and collagen breakdown. 18 This study provides evidence to support our hypothesis that the maintenance of Molteno bleb wall function involves collagen breakdown mediated by MMPs. The lack of expression of TIMP-1 and -3 and the expression pattern of TIMP-2 provide further support for the notion that there may be a relative overexpression of MMPs compared with TIMPs and that TIMP-2 may be involved in apoptosis generation in bleb walls.
